Background: Atherosclerosis, the major cause of mortality and invalidity in industrialized countries, is a multifactorial disease associated with high plasma cholesterol levels and inflammation in the vessel wall. Many different genes have previously been demonstrated in atherosclerosis, although limited numbers of genes are dealt with in each study. In general, data on dynamic gene expression during disease progress is limited and large-scale evaluation of gene expression patterns during atherogenesis could lead to a better understanding of the key events in the pathogenesis of atherosclerosis. We have therefore applied a mouse gene filter array to analyze gene expression in atherosclerotic ApoE-deficient mice. Materials and Methods: ApoE-deficient mice were fed atherogenic western diet for 10 or 20 weeks and aortas isolated. C57BL/6 mice on normal chow were used as controls.
Introduction
Atherosclerosis is the major cause of mortality and invalidity in industrialized countries (1) . The disease progresses over several decades and may remain silent until clinical manifestations occur, often with fatal outcome due to, for example, heart infarction or stroke. Although atherosclerosis is a multifactorial disease (1), it is highly correlated with high plasma cholesterol levels (2) . Atherosclerosis has been described as an inflammatory disease due to the specific cellular and molecular responses at the site of lesions (2) .
The inflammatory changes of the vessel wall recognized today are characterized by early expression of adhesion molecules on activated endothelium (3, 4) . Blood-derived mononuclear cells, mainly monocytes and T lymphocytes (T cells), extravasate through the endothelial layer (5, 6) . In the subendothelial space, monocytes differentiate into macrophages and start internalizing modified low-density lipoproteins (6) that have been captured by the extracellular matrix (7) . Macrophages may present lipoprotein-derived antigens to T cells (8) , that in turn secrete inflammatory cytokines such as interferon-␥ (9) . In advanced lesions, smooth muscle cells appear in the intima and form a fibrous cap over a necrotic core of the lesion (10) .
Mouse models are increasingly used to explore the mechanisms in the pathogenesis of atherosclerosis (11) . The ApoE-deficient (ApoE-/-) mouse has gained increasing interest as a suitable model of atherosclerosis and offers the unique possibility to evaluate the disease progress at different stages (12, 13) .
To increase the understanding of the pathogenesis of the disease, several candidate genes have been explored, although the methodological evaluation has previously been limited to a few genes. The recent development of gene array technology offers new possibilities to evaluate many genes at the same time. The evaluation of the gene expression patterns during the disease progress could lead to a better understanding of the key events in the pathogenesis of atherosclerosis (14) .
In this study, we evaluated the gene expression in atherosclerotic ApoE-/-mice at 10 and 20 weeks on western diet applying a commercially available cDNA filter array.
Materials and Methods

Animals and Tissue Preparation
Female ApoE-/-mice (15) on the B6 background (strain C57BL/6H-Apoe TM1UNC129 ) were obtained from M&B Breeding and Research Centre (Bomholtgaard, Denmark) and normal C57BL/6 from Charles River Sverige AB (Uppsala, Sweden) at 6-8 weeks of ages. ApoE-/-mice were fed western diet containing 0.15% cholesterol for 10 or 20 weeks. Mice were sacrificed in groups of five mice by exsanguination under carbon dioxide anesthesia on consecutive days. After perfusion with icecold phosphate-buffered saline (PBS), the heart and the total aorta were dissected out and placed on icecold PBS. The samples were further rinsed mechanically under the dissection microscope before freezing. The aortas of five mice were pooled and stored at -808C until mRNA preparation. C57BL/6 mice fed normal chow were used as negative controls. Fifteen mice per group were compared.
Histologic Characterization of Atherosclerosis
The hearts were snap-frozen in n-heptane chilled with liquid nitrogen. Frozen cryostat sections were dried, fixed with 4% formaldehyde in PBS at room temperature for 10 min and rinsed in distilled H 2 O. After rinse in 60% isopropanol for 2 min, the samples were incubated in 0.67% Oil Red O for 15 min to visualize lipid deposits. Finally, all sections were counterstained with Harris' hematoxylin.
mRNA Isolation, cDNA Synthesis, and Filter Hybridization
The frozen samples were homogenized in a dismembrator (B. Braun, Melsungen AG, Germany). Lysis buffer (Dynal, NY, USA) was added to the homogenate and mRNA isolated on oligo-dT-conjugated magnetic beads (Dynabeads, Dynal). The mRNA quantity was estimated using DNA Dip Stick (Invitrogen, Groningen, The Netherlands). The pooled mRNA from 3 3 5 mice (0.6 g totally) from each group was precipitated with Na acetate. cDNA was labeled with [␣- 33 P]dATP and hybridized to the mouse gene expression array (Clontech Laboratories Inc., Palo Alto, CA, USA) following the instructions of the manufacturer. The membranes for the two groups of each time were exposed on the same phosphor plate (Fuji BAS 2040, Fujifilm, Tokyo, Japan) for 4-14 hours and were quantified on a BAS 2500 Bio-Imaging Analyzer (Fujifilm).
Real-Time Polymerase Chain Reaction
Twenty nanograms of mRNA from each sample were reverse transcribed (RT) using superscript II according to the manufacturers manual (Gibco, Life technologies, Rockville, MD, USA). One and a half microliters of cDNA was amplified by real-time PCR with 1x TaqMan Buffer, 5mM MgCl2, 200M of each dNTP, 200M of each primer, 1.25pM of probe, 0.25U Amp-Erase Uracil N-Glycosylase, 1.25 U AmpliTaq Gold (PE Biosystems, Foster City, CA, USA). For the amplification of the iNOS gene (16) , the primers iNOS-FW: 5-CAG CTG GGC TGT ACA AAC  CTT-3 and iNOS-RV: 5-CAT TGG AAG TGA AGC  GTT TCG-3 (GIBCO/BRL, Grand Island, NY, USA) and probe iNOS-TM: 5-CGG GCA GCC TGT GAG ACC TTT GA-3 (PE Biosystems) were used. For normalization of RNA loading between control samples were run using ␤-actin (16) , the primers ␤-actin FW: 5-AGA GGG AAA TCG TGC GTG AC-3 and ␤-actin RW: 5-CAA TAG TGA TGA CCT GGC CGT-3 (GIBCO/BRL, Grand Island, NY, USA) and the probe ␤-actin TM: 5-CAC TGC CGC ATC CTC TTC CTC CC-3 (PE Biosystems) were used. Each sample was analyzed in duplicates (2 min at 508C, 10 min at 958C, 0.15 min at 958C, and 1 min at 608C) using ABI Prism 7700 Sequence Detector (PE Biosystems). The PCR amplification was correlated against a standard curve. The reactions were performed in MicroAmp Optical 96-Well Reaction Plates (PE Biosystems).
Data and Statistical Analysis
The image was imported in the Image Gauge Version 3.0 computer program (Fujifilm). The light intensity/cm 2 was measured for one gene at a turn, applying exactly equal areas per gene for both groups at each time point. Background values for equal squares were taken at close locations on the filter and subtracted from the raw data. The gene expressions for each group at 10 and 20 weeks of treatment were subjected to regression analysis applying StatView 4.1 software.
Results
Experimental Set-Up
The experimental set-up was designed to analyze the differences between normal arterial walls and atherosclerotic lesions applying a commercially available mouse gene expression array (Clontech) that contained 588 genes. Atherosclerotic ApoE-/-mice were fed atherogenic western diet for 10 and 20 weeks and the gene expression was compared with age-matched C57BL/6 mice on normal chow. Because the lesion size of atherosclerotic plaques is very small in the mouse model, total aortas were dissected out, starting from the beginning of the aortic arch extending to and including the ileac bifurcation, for isolation of mRNA. The root of the aorta was frozen for immunohistologic characterization of the lesions. The extent of atherosclerosis has previously been found to correlate to the disease stages in the aorta (13) . Figure 1 shows the extent of atherosclerosis in the root of the aorta in ApoE-/-mice after 10 and 20 weeks of western diet compared to C57BL/6 mice after 20 weeks.
Array Analysis
The quality of the autoradiographic spots was evaluated and only spots with circle-round demarcation from the background were considered positive. Genes that did not meet this criterion in all four groups were considered as not expressed. Following the exclusion of nonexpressed or technically unreadable genes, 370 genes out of 588 genes remained pression intensities of the individual genes of the different groups were thereafter divided by the respective normalization factors.
Gene Cluster Analysis
To analyze the gene expression over time, the ratios between ApoE-/-mice and C57BL/6 mice of the included genes at 10 and 20 weeks were calculated. To get a third point for the graphical visualization of the gene expression, the ratios between ApoE-/-and C57BL/6 mice for all genes were set to 1 (5 no difference) for a time point "0 weeks"; assuming that the gene expression of ApoE-/-mice and C57BL/6 mice would correlate even more strongly at the start of the study than after 10 weeks of treatment ( Fig.  2) , because the disease might not yet have accelerated. To visualize changes in gene expression over time, the web-based program GENECLUSTER (17) was applied; it organizes gene expression into patterns using self-organizing map (SOM) algorithms. A 4 3 2 SOM analysis resulted in eight clusters with different expression patterns (Fig. 3) . As expected, a majority of genes showed only small changes in gene expression (Cluster 0, 1, and 2).
Genes summarized in Cluster 3 showed an increased expression in ApoE-/-mice at 10 weeks of diet whereas the gene ratios decreased to 1 or below at 20 weeks ( Table 1 ). The genes from Clusters 4 and 6, showing a strong up-regulation at 20 weeks of diet in the ApoE-/-mice, are summarized in Table 2 . Some genes were more than 10-fold up-regulated at that time point.
Genes from Clusters 5 and 7 are summarized in Table 3 . These genes showed an increased expression in ApoE-/-mice at both time points, although not as strong at 20 weeks as genes from Clusters 4 and 6.
Quantitative RT-PCR
To validate the pattern and threshold expression levels of genes in the presented analysis we analyzed the for further analysis. To investigate whether the genes expressed in ApoE-/-mice correlated to the expression levels in C57BL/6 mice, intensities of the individual genes expressed in ApoE-/-mice were plotted in a regression analysis against the intensities of the individual genes expressed in C57BL/6 mice for 10 and 20 weeks of treatment ( Fig. 2) . At the first time point, 10 weeks, the overall gene expressions were highly correlated (R 2 5 .94) between the two groups at an interval of approximately three orders of magnitude and only a few genes visibly deviated from the main trend. At 20 weeks on diet, the correlation coefficient decreased (R 2 5 .902), as would be expected due to the progressive changes in atherosclerotic aortas of ApoE-/-mice, but still showed a high correlation. To normalize the individual genes, first the average gene expression intensities for each group were divided by the average of gene expression intensity of the C57BL/6 mice after 10 weeks of treatment. The ex- 
Discussion
Our study included four groups of 15 animals that gave one analysis point. The high number of animals for each group should acceptably mirror the average gene expression for the different groups, although no statistical evaluation for each time point could be made. It was not feasible to undertake a study including replicates for each point due to the low yield of mRNA. However, regression analysis showed a very strong correlation between ApoE-/-and C57BL/ 6 gene expression at 10 weeks and a still good correlation for gene expression at 20 weeks. Reproducibility is likely. This suggestion is further supported by studies using commercial filter arrays from Clontech (18) . Furthermore, the additional up-regulation of known atherosclerosis-related genes (see below) at 20 weeks compared to 10 weeks supports the reliability of the presented data. The genes that are only increased at 10 weeks of treatment must, however, be interpreted with caution.
To study the detection level of the array, we evaluated the expression of iNOS, a gene that previously has been associated with atherosclerosis (19) and showed low intensity levels in the array analysis. The array analysis and quantitative RT-PCR analysis showed an up-regulation of iNOS at 20 weeks on the diet. However, iNOS values at 10 weeks were lower for ApoE-/-than for C57BL/6 in the array analysis, but showed up-regulation in the quantitative RT-PCR. Thus, the gene array set-up used in this study was less sensitive for the analysis of iNOS expression than quantitative RT-PCR. This might be due to an underestimation of the ApoE-/-values for 10 weeks after normalization toward the average of the intensities of all included genes of the C57BL/6 group at 10 weeks of treatment.
Studies on gene expression of homogenous cell lines in vitro frequently define increases by a factor of 2 as positive up-regulation of gene expression. However, in our system, applying whole aortas to look at changes in gene expression of atherosclerotic tissue, we had to take into account that (i) the aorta of ApoE-/-mice included both diseased tissue as well as unaffected vessel wall, and (ii) that the diseased part in itself consisted of a heterogeneous mixture of different cell types. Thus, the changes we were looking for consisted only of a minute amount of total tissue or mRNA.
Atherosclerosis is a disease involving extravasation of blood-derived cells (5, 6) . Therefore, the changes of the atherosclerotic vessel wall in ApoE-/-mice should be reflected in the up-regulation of adhesion molecules as well as in novel signs of blood mononuclear cells when compared to nonatherosclerotic C57BL/6 mice. In agreement with this ally, CD40 that has evolved as an important signaling path in atherosclerosis (22), increased from a 1.14-fold induction to a 2.00-fold increase in ApoE-/-mice at 20 weeks of treatment. Moreover, the increased expression of plateletderived growth factor (1.19-and 1.60-fold induction at 10 and 20 weeks, respectively) might be associated with an increased proliferation and migration of smooth muscle cells from the media into the intima, a key feature of atherosclerosis (23, 24) . The expression of transcription factor egr-1 (Cluster 2) was increased at 20 weeks of treatment, although at a rather low level (a ratio of 0.99 and 1.3 at 10 and 20 weeks, respectively, when comparing the egr-1 expression in ApoE-/-and C57BL/6 mice). Egr-1 has recently been detected in human atherosclerotic lesions and confirmed in a related mouse model, the LDL receptor-deficient mouse (25) . Phospholipase AII is expressed in our study in normal C57BL/6 mice and at increased levels in atherosclerotic ApoE-/-mice at 10 weeks (Table 1) . These results are similar to the previous findings of the expression of phospholipase AII in normal and atherosclerotic human vascular tissue (26) . Together, this indicates that ratios down to 1.13 might be interpreted as an upregulation in our study.
In the present study, we compared ApoE-/-mice on a high cholesterol diet with C57BL/6 on normal diet to analyze the differences between atherosclerotic lesions and nonatherosclerotic vessels. We cannot exclude that some effects of gene expression may be due to compounds of the western diet (increased hypothesis, VCAM-1 (4) was up-regulated 3.83-fold in ApoE-/-mice at 10 weeks, and further increased to an 10.72-fold induction at 20 weeks compared to C57BL/6 mice. A similar pattern showed ICAM-1 (20) that increased from a 1.52-fold induction at 10 weeks to a 3.20-fold up-regulation at 20 weeks. A graphical illustration of the expression pattern of adhesion molecules present in Tables 1 through 3 is shown in Figure 5 .
Mac-1, a marker for macrophages, showed an expression level that increased from a 2.05-fold induction at 10 weeks, to an 8.8-fold induction at 20 weeks paralleling the increased influx of macrophages into the subendothelial space at sites of atherosclerosis. Additionally, CD14 and CD18, which are both expressed in monocytes/ macrophages, increased from a 1.69-and 2.68-fold induction at 10 weeks to a 7.31-and 13.59-fold up-regulation at 20 weeks of treatment. Interestingly, the c-Fms proto-oncogene, encoding for the receptor of the macrophage colony-stimulating factor, which previously has been demonstrated to be up-regulated in human atherosclerotic lesions (21) , showed a 1.15-fold induction at 10 weeks that increased to 3.8-fold at 20 weeks. CD3, a marker for T cells, showed a 1.03-fold induction at 10 weeks and increased to a ratio of 2.00 at 20 weeks. Similarly, CD4 was upregulated 1.1-fold (7.5 versus 7.0) at 10 weeks and 1.3-fold (8.6 versus 6.5) at 20 weeks (Cluster 2) in ApoE-/-mice compared to C57BL/6 mice. Addition- that gene expression is not a linear process with a maximal expression at advanced lesion stage. Rather, the pathogenesis should already to be evaluated in detail at early time points, to understand the development of atherosclerosis and to establish a preventive intervention. The present analysis is based on the evaluation of 377 genes and it will be necessary to interpret the present results in conjunction with future studies to evaluate the significance of the different findings. cholesterol levels), which are not due to development of atherosclerosis per se. However, the increases in expression of many genes associated with atherosclerosis over time imply that our experimental set-up truly mirrors atherosclerosis-related gene expression.
In addition to the established atherosclerosisassociated genes, several new candidate genes were found up-regulated in ApoE-/-mice. The macrophage chemoattractant protein-3 (MCP-3) (Table 3) , a chemokine that attracts both macrophages and T cells, has previously been shown to be induced in vascular smooth muscle cells after cytokine stimulation (27) . MCP-3 binds to the chemokine CC receptors-2 (CCR-2), similar to the related MCP-1, and CCR-3 (28) . Interestingly, MCP-3 has additionally been suggested as an inhibitor of inflammation after cleavage by gelatinase 4 (29) . Nerve growth factor (NGF) is up-regulated at 10 weeks and further increased at 20 weeks of treatment (Table 2) . NGF is expressed in vascular smooth muscle in vascular remodeling after injury (30, 31) , but has not yet been evaluated in the context of atherosclerosis. Interestingly, extensive studies indicate that NGF might have an important role in inflammation (32) (33) (34) . NGF and bFGF have been shown to increase mRNA levels of cathepsin-S, -B, and -L (35). These proteases were up-regulated during atherosclerosis in the present study and were confirmed by immunohistochemistry in the lesions (Jormsjö S et al, manuscript submitted). CD4
1 T cells and mast cells might be a potential source for NGF in the atherosclerotic lesions (36, 37) . Hepatocyte growth factor (Table 2 ) has previously been shown to be present in rat and human vascular endothelial and smooth muscle cells (38) . Hepatocyte growth factor has been shown to increase the expression of CD44 in endothelial cells and might thus contribute to adherence and extravasation of inflammatory cells (39, 40) . The overall expressions of both nerve growth factor and hepatocyte growth factor are low in C57BL/6, indicating that the up-regulation might be specific for the aortas of the ApoE-/-mice. Cellular retinoic acid binding protein-II (CRABP-II), a gene that is regulated by the retinoic acid receptor (RAR) signaling path (41) , showed an increased expression and supports the previous finding of RARmediated signaling in human atherosclerosis (42) . The low overall expression suggests a rather low retinoic acid mediated signaling in the control tissue (Table 3 ).
In conclusion, we studied gene expression during the development of atherosclerosis in the commonly used ApoE-/-mouse applying the commercially available Clontech mouse gene array. Having the drawbacks of our study design in mind, the gene expression in our study reflected features in the development of atherosclerosis that have been described earlier by others. Furthermore, the results indicate
